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ABSTRACT
We combine ultraviolet to near-infrared photometry with Hi 21cm line observa-
tions for a complete volume-limited sample of nearby galaxies in different environments
(from isolated galaxies to Virgo cluster members), to study the migration of spirals
from the blue to the red sequence. Although our analysis confirms that, in the tran-
sition region between the two sequences, a high fraction of spirals host active galactic
nuclei (AGN), it clearly shows that late-types with quenched star formation are mainly
Hi deficient galaxies preferentially found in the Virgo cluster. This not only suggests
that environmental effects could play a significant role in driving the migration of
local galaxies from the blue sequence, but it also implies that a physical link between
AGN feedback and quenching may not be assumed from a correlation between nuclear
activity and colour.
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1 INTRODUCTION
It is well known that galaxies form two sequences in the
colour-magnitude space: star-forming disks occupy the blue
cloud whereas quiescent, bulge-dominated objects reside on
the red sequence (e.g. Tully et al. 1982). The origin of this
bimodality in the colour distribution of galaxies is still a puz-
zle. There is mounting evidence that, since z∼1, the stellar
mass density of the red sequence has increased by at least a
factor ∼2, while surprisingly the stellar mass density of the
blue cloud has remained constant, despite continued star for-
mation over several Gyr (Bell et al. 2007; Faber et al. 2007).
A possible explanation of this is that galaxies form most of
their stars while they are in the blue cloud but then migrate
to the red sequence, gradually increasing the stellar mass re-
tained in quiescent systems. In this case, a quenching of the
star formation is required to drive galaxies towards the red
sequence, but it is still unclear what physical mechanism(s)
may be responsible for such migration.
The most popular candidate is feedback from the ac-
cretion of material onto supermassive black holes (i.e., AGN
feedback). The AGN may heat or expel the surrounding gas,
thus preventing star formation (e.g., Croton et al. 2006).
Theoretical studies have shown that models including AGN
feedback provide a better match between theory and ob-
servations (e.g. the bright end of the luminosity function),
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making this quenching mechanism very promising (Baugh
2006). Recently, this hypothesis has gained additional sup-
port from observations showing that the AGN-host frac-
tion peaks in the region between the blue and red sequence
(i.e., the transition region or green valley, Martin et al. 2007;
Schawinski et al. 2007). However, it is still a matter of de-
bate whether these results imply a physical connection be-
tween AGN activity and suppression of the star forma-
tion in galaxies (e.g. Georgakakis et al. 2008). In addition,
though AGN feedback has been directly observed in the gi-
ant ellipticals in the centre of clusters (e.g. Forman et al.
2007), it is unclear whether this mechanism works in spirals
(Okamoto et al. 2008), which typify the transition galaxies
today.
In contrast to the above internal mechanism, environ-
mental effects may be responsible for quenching the star for-
mation activity, driving the migration of spiral galaxies out
of the blue cloud. Gravitational interactions (Merritt 1984;
Moore et al. 1996), ram pressure stripping (Gunn & Gott
1972), and hybrid processes combining multiple mechanisms
such as preprocessing (Fujita 2004; Cortese et al. 2006), can
in fact quench star formation in galaxies in high density
environments (see Boselli & Gavazzi 2006 for a detailed re-
view of these processes). This is clearly reflected in the
morphology-density (Dressler 1980; Whitmore et al. 1993),
star formation-density (e.g. Kennicutt 1983) and gas-density
relations (Haynes & Giovanelli 1984) observed in the local
universe. In addition, it has recently been shown that the
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Sample NUV Spectroscopy Hi
Total 86.9% 76.4% 86.6%
(394/454) (347/454) (393/454)
Early-type 100.0% - -
(171/171)
Late-type 91.2% 86.6% 96.8%
(258/283) (245/283) (274/283)
Late-type 94.5% 97.9% 100.0%
(Cluster) (136/144) (143/144) (144/144)
Late-type 87.8% 73.4% 93. 5%
(Field) (122/139) ( 102/139) (130/139)
Table 1. The completeness of the NUV data, nuclear spec-
troscopy and Hi observations for the total sample and for the
different subsamples used in this paper.
environment is responsible for the formation of the red se-
quence at low luminosities (Boselli et al. 2008). Discriminat-
ing between the effects of AGN feedback and environment
on star formation is therefore necessary to unravel the evo-
lutionary history of transition galaxies.
In this Letter, we attempt to assess whether the mech-
anism suppressing the star formation in nearby spirals is
an internal or environmental process. We use a complete
volume-limited sample of galaxies covering different envi-
ronments, from galaxies in isolation to the core of the Virgo
cluster. For the first time, we combine near-infrared and
optical imaging and optical spectroscopy with Hi 21cm line
and ultraviolet data, which trace the galaxy gas content and
current star formation, respectively.
2 THE SAMPLE
We selected a complete volume-limited sample following the
criteria of the Herschel Reference Survey (HRS; Boselli et al.
2009), a guaranteed-time key project with the Herschel
Space Telescope. In detail, we select objects with 2MASS
(Jarrett et al. 2003) K-band magnitude KStot ≤ 12 mag and
with optical recessional velocity between 1050 km s−1 and
1750 km s−1, corresponding to a distance range of 15-25
Mpc, assuming a Hubble constant H0 = 70 km s
−1 Mpc−1
and no peculiar motions. In the Virgo Cluster, where pe-
culiar motions are dominant, we use the subgroup member-
ship and distances as determined in Gavazzi et al. (1999).
Additionally, we select galaxies at high galactic latitudes
(b > +55◦) and inhabiting regions of low galactic extinc-
tion, AB < 0.2 (Schlegel et al. 1998), to minimize galac-
tic cirrus contamination. The total sample contains 454
galaxies of which 171 are early-types1 (from dE to S0/Sa)
and 283 are late-type (Sa and later types) systems2. Mor-
1 We note that we select more early-type galaxies compared to
the HRS, which only includes early-type galaxies having KStot ≤
8.7 mag.
2 We exclude VCC1327 from further analysis due to the pres-
ence of a bright star superimposed on the galaxy image (as noted
in the literature, e.g. Binggeli et al. 1985) making any accurate
photometry difficult.
phological classifications are taken either from the Virgo
Cluster Catalogue (VCC; Binggeli et al. 1985), NED or the
RC3 (de Vaucouleurs et al. 1991). A visual inspection of the
SDSS images was used for a few cases where morphological
classifications were unavailable.
We collected multi-wavelength data from a variety of
sources. Observations from the GALEX (Martin et al. 2005)
GR2 to GR4 data releases in the near-ultraviolet (NUV;
λ=2316 A˚: ∆λ=1069 A˚) band were available for 394 ob-
jects. NUV magnitudes were obtained by integrating the
flux over the galaxy optical size, determined at the sur-
face brightness of µ(B) = 25 mag arcsec−2. The magnitudes
are accurate to ±10%. Optical B, V and near-infrared H
band photometry was taken from the GOLDMine database
(Gavazzi et al. 2003) and 2MASS, respectively. All magni-
tudes have been corrected for Galactic extinction according
to Schlegel et al. (1998). Internal dust attenuation was de-
termined using the total infrared (TIR) to UV luminosity
ratio method (e.g., Xu & Buat 1995) and the age-dependent
relations of Cortese et al. (2008). The TIR luminosity is ob-
tained from IRAS 60 and 100 µm fluxes or, in the few cases
when IRAS observations are not available, using the em-
pirical recipes described in Cortese et al. (2006). The typi-
cal uncertainty in the NUV dust attenuation is ∼ 0.5 mag.
The internal dust attenuation at optical and infrared wave-
lengths were then derived assuming the Large Magellanic
Cloud extinction law as described in Cortese et al. (2008).
In order to convert H-band luminosities into stellar mass
(M∗), we adopted the B−V colour-dependent stellar mass-
to-light ratio relation from Bell et al. (2003), assuming a
Kroupa et al. (1993) initial mass function. Morphologically
averaged B−V colours were used when optical observations
were unavailable.
We combined optical spectroscopy from the Sloan Dig-
ital Sky Survey (SDSS; York et al. 2000) Data Release 7
and Decarli et al. (2007), with nuclear classification avail-
able from NED to investigate the AGN activity of our sam-
ple. Data was available for 347 objects, thus giving a com-
pleteness of ∼76%. Following Decarli et al. (2007), we di-
vided galaxies into three different classes based on the fol-
lowing optical line flux ratios: [NII ]/Hα < 0.4 for those con-
taining Hii star-forming regions, [NII ]/Hα > 0.6 for those
displaying AGN-like behavior and 0.4 < [NII ]/Hα < 0.6
for those showing both AGN and star forming activity.
Single-dish Hi 21 cm line emission data, necessary for
quantifying the gas content of galaxies, was taken from
Springob et al. (2005) and Gavazzi et al. (2003). Overall,
393 objects have Hi data. We estimate the Hi deficiency pa-
rameter (HIDEF ) as defined by Haynes & Giovanelli (1984),
using the morphologically-dependent coefficients presented
by Solanes et al. (1996). In the following, galaxies are clas-
sified as Hi deficient if HIDEF > 0.5 (i.e., they have lost
≥70% of their original atomic hydrogen when compared to
isolated galaxies of the same size and morphological type).
The completeness in NUV, spectroscopic and Hi data
of our sample is summarized in Table 1. Late-type galaxies
without nuclear classification or Hi observations are consid-
ered as non-active, gas-rich systems in the rest of this work.
Two subsamples were created based on the environ-
ment inhabited by each object in the sample. All galax-
ies with membership of the Virgo cluster, as defined by
Gavazzi et al. (1999), were selected for the ‘cluster’ subsam-
c© 0000 RAS, MNRAS 000, 000–000
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ple. Those galaxies outside Virgo, which range from isolated
systems to galaxies in groups, were assigned to the ‘field’
subsample. The statistics of the late-type galaxies in the
cluster and field samples are also presented in Table 1.
3 RESULTS
The NUV-H vs.M∗ colour-mass diagrams for the total sam-
ple are presented in Fig. 1 (top row). The bimodality in the
galaxy population is clearly evident, with early-type galaxies
mainly segregated in the red sequence and late-types occu-
pying the blue cloud. As already shown by van den Bergh
(2007) in optical and Wyder et al. (2007) in UV, the two
sequences are not well separated, since a significant num-
ber of disk galaxies lie in the region between the two clouds
(i.e., the transition region, NUV − H > ∼4.5 mag) and
even in the red sequence. This supports the common idea
that galaxies start their journey towards the red sequence
as disks. Therefore, in the rest of this paper we focus our
attention on the properties of late-type galaxies to try to un-
derstand the mechanisms behind the quenching of the star
formation3.
To investigate the properties of galaxies in the transi-
tion region, we split our sample according to nuclear ac-
tivity and Hi content (Fig. 1, top row, central and right
panel, respectively). For M∗ & 10
10 M⊙, AGN-host spirals
are uniformly distributed across the range of colour (con-
sistent with Martin et al. 2007 and Schawinski et al. 2007),
whereas for lower stellar masses they are segregated in the
blue sequence. In other words, AGNs are not preferentially
found in the transition region. In addition, at fixed stellar
mass, AGNs do not tend to be redder (i.e., have a lower spe-
cific star formation rate) than galaxies with Hii star-forming
nuclei or composite systems. Thus, we do not find any clear
evidence of a suppression of the star formation in AGNs.
On the contrary, quenched spirals are generally character-
ized by a low atomic hydrogen content. Unlike the AGN-
hosts, which occupy the transition region only for masses
M∗ & 10
10 M⊙, the Hi deficient galaxies tend to lie at the
red edge of the blue sequence and in the transition region,
independent of the stellar mass. More importantly, at fixed
stellar mass, Hi deficient systems have a typical colour at
least 1 mag redder than gas-rich systems, suggesting that
the gas depletion is really accompanied by a suppression of
the star formation. If this is the case, transition galaxies
should be more frequent in high density environments, since
the Hi deficiency is usually associated with a truncation of
the gas disk via environmental effects (Cayatte et al. 1994).
In order to test this scenario, we split our sample depend-
ing upon whether the galaxies inhabit the Virgo cluster or
not (see Fig. 1 middle and bottom rows). A comparison of
the cluster and ‘field’ colour-mass diagrams clearly shows
that very few disk galaxies have their star formation sup-
pressed outside the cluster environment. The vast majority
of transition spirals is in fact composed of Hi deficient cluster
galaxies. In addition, almost 50% of transition disks outside
3 We also note that a few early-type galaxies lie well outside the
red sequence. These are misclassified or peculiar objects. Even if
future investigation should reclassify them to be late-type galax-
ies, their exclusion does not affect the outcome of this work.
Virgo reside in groups or pairs, supporting the idea that the
loss of gas and quenching of the star formation is related to
the environment. We note that some transition galaxies in
our sample are not Hi deficient. These appear to be pecu-
liar objects and their properties will be discussed in a future
paper.
The significant difference found in the colour-mass dis-
tribution of galaxies in and outside Virgo is consistent with
van den Bergh (2007), who showed that objects in small
groups differ from cluster galaxies and are more similar to
isolated systems. However, we notice that in our ‘field’ sam-
ple, the separation between the blue and the red sequence is
more clear-cut than in optical colour-magnitude relations4.
The use of UV to near-infrared colours is in fact crucial to
clearly show the environmental dependence of the transition
population in the local universe.
Finally, our interpretation is additionally supported by
the fact that (1) the fraction of AGN-host galaxies does not
vary strongly with the environment (e.g., Miller et al. 2003;
Kauffmann et al. 2004), and (2) also in the field, at fixed
stellar mass, AGN-host spirals do not show a lower specific
star formation rate than Hii galaxies. Both observational
lines of evidence do in fact contrast with what is expected if
quenching was via AGN feedback, favouring environment as
the main mechanism responsible for the suppression of the
star formation in our sample.
4 DISCUSSION & CONCLUSION
In this Letter we have shown for the first time that, at
all stellar masses, transition spirals tend to be Hi deficient
galaxies, preferentially found in high-density environments.
Although we confirm that the fraction of AGN-host spirals
peaks in the transition region (see also Martin et al. 2007;
Schawinski et al. 2007), we demonstrated that, at fixed stel-
lar mass, AGNs are not associated with a systematic de-
crease in the star formation activity whereas Hi deficient
galaxies are redder than gas-rich systems. Thus, environ-
mental effects could explain the suppression of the star for-
mation over the whole range of stellar masses here investi-
gated and no direct connection between AGN activity and
quenching of the star formation is observed in our sample.
We note that biases in the classification of nuclear activ-
ity could be introduced by using optical emission lines. On
one hand, AGN activity in blue sequence galaxies could be
totally obscured or outshone by star formation. This would
imply an underestimate of the AGN fraction in the blue
sequence, thus reinforcing our results. On the other hand,
Stasin´ska et al. (2008) have recently shown that old stellar
populations can provide enough photons to ionize the inter-
stellar medium, mimicking AGN-type galaxies. This seems
to be particularly important for LINER-like systems, which
represent a large fraction (∼56%) of our AGN-host late-
type galaxies. In this case, the observed peak of ‘so-called’
nuclear activity in the transition region would merely be a
consequence of the fact that transition spirals have an older
4 For example, a K-S test shows that there is <0.01 % probability
that the NUV −H colour distribution of our field sample has the
same shape of the U−B colour distribution in the van den Bergh
(2007) ‘field+groups’ sample.
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Figure 1. The NUV-H vs. M∗ colour-mass diagrams for galaxies comprising the total sample (top row), the Virgo cluster (middle row)
and ‘field’ environment (bottom row). Left column: Early-types (red triangles) form a red sequence and late-types (filled blue circles)
form a blue cloud. Center column: Objects displaying AGN-like behavior (filled red circles), Hii star-forming regions (blue open squares)
or composites of the two (cyan crosses) are highlighted. Right column: Galaxies are classified as Hi deficient (filled green circles) and
non-Hi deficient (open blue squares). In the latter two columns, galaxies without nuclear classification or Hi observations are considered
normal disks (blue open squares), and early-type galaxies (grey triangles) are retained only as a visual aid.
stellar population than blue sequence disks, again support-
ing our results.
The fact that the quenching of the star formation
in transition galaxies is driven by the environment is not
completely surprising, considering the plethora of observa-
tions supporting the significant impact of the environment
on galaxy evolution (e.g., Dressler 1980; Boselli & Gavazzi
2006). However, the use of Hi data to discriminate between
the effects of AGN feedback and environment on star forma-
tion not only provides additional insights on the evolution-
ary history of spiral galaxies outside the blue sequence, but
also shows that a physical link between AGN feedback and
quenching may not be assumed from a correlation between
nuclear activity and position in the colour-mass diagram.
Finally, we remind the reader that, since the AGN activ-
ity (Ueda et al. 2003), the gas content of galaxies, and the
properties of the large scale structure evolve significantly
with the age of the universe, the results obtained here can-
c© 0000 RAS, MNRAS 000, 000–000
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not be blindly extended to high-redshift samples. In fact, it
would not be surprising if the dominant mechanism driving
the quenching varies with redshift. Although further work is
required to shed additional light on the growth of the red se-
quence, we assert that environmental mechanisms have to be
taken into account in the quest to better understand galaxy
evolution in the local universe.
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